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We detail here a method to integrate chemical synthesis with the formation of nanoscale electrical "sockets" to allow the in situ construction of three-component molecular wires. Reaction chemistry offers molecular materials an overwhelming amount of diversity and functionality and could provide a method for nanoscale electronics to be synthesized rather than fabricated. [1] Though presently underutilized, this approach can be used to produce multifaceted electrical components on the molecular scale by a combination of selfassembly and programmed reactivity. This approach contrasts with previous work in molecular electronics, which has typically relied on ex situ synthesis [2] [3] [4] [5] of wire components followed by their subsequent insertion into devices. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] The wires typically used in this context are dithiolated aromatics or other bifunctionalized molecules, which are intended to bridge from one electrode surface to another. [2, 3, 5, [21] [22] [23] [24] One complication associated with dithiols is their tendency to undergo oxidative oligomerization, which allows them to span gaps much longer than an individual molecule. [25] In addition, these molecules can orient both of their surface-active groups toward the same electrode. [4, 26, 27] The present study circumvents these problems through the implementation of a two-step reaction sequence between molecular-scale electrodes: first, we assemble a bifunctional molecule into a monolayer on the electrode surface, such that only one end of the molecule reacts with the electrode; then, we use a second molecule to bridge the gap between the termini of the films (Figure 1 a) .
The two reaction sequences explored in this study are shown in Figure 1 b, c. In both cases, a metal surface is reacted with a monothiolated aromatic compound to form a monolayer. [28] [29] [30] [31] We chose platinum as the electrode material because the film is metallic despite being only a few atoms thick on the surface of zirconium oxide. [32] We chose thiols because they are known to readily form strong bonds with platinum surfaces. [29, 30, 33] For the monolayers that are terminated with terpyridyl units, we chose transition-metal ions to connect the two ends through well-known coordination chemistry (Figure 1 b) . [34, 35] Cobalt ions, in particular, are attractive because their complexes are readily formed at room temperature with a variety of terpyridyl ligands. [35] We also studied aldehyde-terminated bisoxazole monolayers and their reactions with aromatic amines (Figure 1 c) . [24] This reaction is advantageous because it provides a system that is conjugated across the entire length of the molecular bridge.
We performed model studies on large-area, planar metal surfaces to assess the feasibility of these linking reactions by first preparing monolayers and then reacting them with the bridging subunits (shown in Figure 2 a, b) . The reaction between the aldehyde-terminated monolayers 1 and the amine-functionalized aromatics to give 2 (Figure 2 a) readily occur and are described elsewhere. [24] The other reaction we investigated is that between the terpyridyl-terminated monolayer 3 and a solution of cobalt(II) diacetate. Using X-ray photoelectron spectroscopy (XPS), we found that that the coverage of both monolayers, 1 and 3, is quantitative and that the layer heights ( % 2.3 nm and % 1.4 nm, respectively) are consistent with an upright orientation of the molecule. [36] Figure 2 c shows the XPS spectra from the cobalt and carbon regions from monolayer 3 as it is reacted with Co(OAc) 2 . We observed transitions for the Co 2p 3/2 (781 eV) and Co 2p 1/2 (797 eV) energy levels, which are indicative of a cobalt(II) species bound to the surface. [37] In addition, we observed the smaller satellite peaks (786 and 803 eV) indicative of the formation of cobalt hydroxide or oxidized cobalt species. [37] In the carbon (C1s) region of the XPS spectrum after reaction, a new peak characteristic of the Supporting information for this article (experimental details for the molecular synthesis, monolayer characterization, junction fabrication, electrical testing, and current voltage curves for the control experiments) is available on the WWW under http://www.angewandte.org or from the author.
carbonyl in the acetate counterion emerges at approximately 289 eV (Figure 2 c) . [26] We also detected the acetate counterion with reflection absorption infrared spectroscopy (RAIRS) from a new resonance indicative of a carbonyl group at 1724 cm À1 . [38] From these spectroscopic studies, we conclude that both the aldehyde-terminated and the terpyridyl-terminated monolayers are able to serve as a priming monolayer to react with a bridging component. Next, we explored the reversibility of the reaction with cobalt ions in the terpyridyl monolayers. We used solutions of EDTA to react with the monolayers of 4 and found that the IR and XPS spectroscopic signatures for the cobalt ions and their associated counterions disappeared (shown in Figure 2 c). The carbons indicative of the backbone were still present, indicating that the monolayer is intact and able to once again bind cobalt ions. These studies indicate that the terpyridyl ligands on the surface are able to bind and release their ions without desorbing.
To test these reactions within molecular electronic devices, we created a new technique to fabricate molecular-scale electrical test structures (Figure 3) . [39, 40] The key advantage of this technique is that it is a self-aligned lithographic process able to produce large numbers of molecular-scale gaps with remarkably high yield and precision.
First, we deposited 5 nm of ZrO 2 by atomic-layer deposition (ALD) onto a clean silicon wafer (20 nm thermal SiO 2 ). We defined the first electrode ( % 200-nm wide) with electronbeam lithography (the beam resist is 150-nm thick, 25 kDa polymethyl methacrylate (PMMA)). Then, we deposited 3 nm Pt and 2.5-7 nm Al (Figure 3 a) by electron-beam evaporation at a pressure of about 1 10 À6 Torr. To obtain the narrowest gaps, 5 nm of SiO 2 was added between the platinum and the aluminum films to aid the subsequent removal of the thin Al film. Upon exposure to ambient oxygen, a thin native oxide layer formed on the aluminum surface; the oxide on the edge of the Al film formed an Figure 1 . a) Two-step sequence to bridge electrode surfaces. b) Bridging by first forming a monolayer with the terpyridyl group and using cobalt ions to orchestrate wire formation. c) Bridging gaps by first forming a thiol-terminated monolayer and then reacting with a diamine. The R group is a 4-dodecyloxy-substituted phenyl group added to improve solubility. overhang structure over the Pt electrode after lift-off (Figure 3 b) . The second electrode, around 30-nm wide, consisted of 2.5 nm Pt defined by electron-beam lithography overlapping with the first electrode (Figure 3 c) . The overlapping part of the second electrode, along with the oxidized aluminum, was removed in 0.22 m tetramethylammonium hydroxide solution to form the nanosized gaps (Figure 3 d) .
Figure 3 e-g shows nanosized gaps of approximately 3, 5, and 10 nm prepared by this method. The gap between the electrodes is determined by the thickness of the aluminum oxide layer, which scales with the thickness of the aluminum film for these ultrathin films. An interesting feature of this self-aligned lithographic process is that the overall shape and curvature of one electrode is mirrored by the counter electrode (shown in the enlargement of the gap region in Figure 3 e). The protrusions on one electrode create depressions in the counter electrode, while maintaining the gap size along the length of the electrode. This technique addresses one of the problems associated with extremely small electrode spacings where defects and irregularities can fill the gap to produce lower yields and complicate the interpretation of the electrical measurements. [41, 42] Next, we combined these nanoscale electrodes with the bridging chemistry developed above. After cleaning the electrodes with water and alcohol, we primed the surface with the monolayer-forming molecules that are terminated with either terpyridyls or aldehydes. There was essentially no change in the electrical properties of the devices after reaction with these thiols (shown in Figure 4 a, b) . Reactions of these primed electrode surfaces with the bridging molecules turned the devices to the ON state (Figure 4 a, b) . The yield for working devices was 27 % (32 out of 120 electrode pairs) for the reaction of cobalt acetate with the electrodes primed with the terpyridyl groups, and was 13 % (8 out of 60 electrode pairs) for the reaction of the diamines with the electrodes primed with aldehydes. These yields are based on devices that before connection are at the noise level of the measurement ( % 10 pA) and after connection show currents that are greater than 1 nA at 2 V bias. For the terpyridyl devices, the range of currents (at 2 V bias) for the working devices was between 7-50 nA. The higher yield for the junctions formed through coordination chemistry may reflect a greater degree of reversibility and less restrictive bonding angles relative to imine bridges.
In general, the devices that are bridged with imines show higher current levels despite being 3.3 nm longer than the cobalt complexes. The area of the electrode surface ( % 60 nm 2 ) determines how many molecular bridges can form and allows us to estimate upper and lower limits on the conductance of an individual molecular wire. As was shown above, the self-assembled monolayers of both the aldehydeterminated films and the terpyridyl-terminated monolayers have high coverage and are upright. In the case of the aldehyde-terminated monolayers, about 23 molecules would cover the entire lateral edge of the electrode. If somewhere between one and 23 parallel imine bridges form, then the conductance (from the data in Figure 4 a) for each metalwire-metal junction would range between 1 10 À3 and 5 10 À5 e 2 h À1 . [43] Similarly, for the cobalt terpyridyl wires, the conductance for each wire would be between 1.3 10 À4 and 1.6 10 À6 e 2 h À1 for 1-80 molecular bridges. The origin of the higher conductance of the imine bridges is likely the result of better p-orbital overlap through the molecule relative to the tetrahedral coordination of the cobalt terpyridyl complex.
The coordination complexes offer the chance to study the reversibility of these reactions. Figure 4 c shows a cycle of decomplexation and complexation with cobalt ions for the same device shown in Figure 4 b. After we immerse the connected device in a solution of EDTA, it returns to an open circuit. Once again, when we introduce Co(OAc) 2 , the device returns to the ON state. We can again switch the device to the OFF state by treatment with EDTA.
We performed several control experiments based on the results presented above. When the order of the steps was reversed (i.e. when the junction was "reacted" with the bridging molecule first and then the monolayer-forming molecule), there were no connected devices ( Figure S1 in the Supporting Information). When 8-nm gaps were utilized, which are too large for the cobalt terpyridyl complex to bridge, we measured current at the noise level of the measurement in about 120 devices ( Figure S2 in the Supporting Information). When we first used the monolayer that is terminated with terpyridyls and then added the diamine bridge, we observed no connected devices ( Figure S3 in the Supporting Information). Similarly, if we used the aldehydeterminated monolayer or an unfunctionalized terphenylthiol and introduced cobalt ions, we observed no increase in current ( Figure S4 in the Supporting Information). These "mismatched" control experiments are important because they show that the junctions, once derivatized, are able to display orthogonal recognition. This type of mutual exclusivity could be used to spatially address and construct complex molecular circuits. Finally, if we form dithiol ex situ from the complex between the terpyridyl and the cobalt ions, the yield of working devices is very low ( % 2 % yield). The reason for the low yield may be as a result of steric effects, which prevent upright packing in the preformed complexes.
In summary, we have detailed above a method to prepare multicomponent electrical circuits through the nanoscale placement of reactive groups. This approach is useful because it not only circumvents the assembly and reactivity problems associated with dithiols but also provides a method by which complex materials can be made and measured and provides a clear path to multifunctional molecular electronic materials.
